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We revisit the scalar singlet dark matter (DM) scenario with a pair of dark lepton partners which
form a vectorlike Dirac fermionic doublet. The extra doublet couples with the Standard Model (SM)
leptonic doublet and the scalar singlet via a non-SM-like Yukawa structure. As a result, (i) since
the extra fermionic states interact with other dark sector particles as well as the SM via gauge and
Yukawa interactions, it gives rise to new DM annihilation processes including pair annihilation as
well as coannihilation channels, and (ii) such a Yukawa structure opens up new production channels
for leptonic final states giving much enhancement in cross sections to search for dark matter in
the LHC. Using suitable kinematic observables, we train a boosted decision tree (BDT) classifier to
separate enhanced but still feeble light leptonic signals from the background in an effective manner.
On the other hand, the same technique is applied to study τ -tagged jets in the search for DM signals.
I. INTRODUCTION
Cosmological considerations and astrophysical observations have established beyond any reasonable doubt the
existence of the dark matter (DM). The satellite-borne experiments such as WMAP [1] and Planck [2] measured
extremely precisely the cosmological relic abundance, and it is given by ΩDMh
2 “ 0.1199˘0.0027, h being the reduced
Hubble constant. Though DM constitutes about 27% of the energy budget of the Universe, the particle nature of it
remains an enigma. The search for a suitable candidate for particle dark matter is a longstanding problem [3–5]. The
so-called weakly interacting massive particle (WIMP) is the most widely explored sector to resolve the discrepancy.
Within the WIMP paradigm, the scalar singlet dark matter or scalar “Higgs-portal” scenario is perhaps the most
studied of all the relevant scenarios of dark matter to explain the relic density [6–8]. Consequently, it went through
immense scrutiny theoretically as well as experimentally (see, for example, Refs. [9, 10] for recent reviews of the
current status of the Higgs-portal scenario). We now know that the direct detection [11–14], indirect detection [15–17],
and invisible Higgs decay [18–20] searches put a strong bound on the coupling of the Standard Model (SM) Higgs
boson, h with the said scalar singlet, say, S. Let us call this coupling λhS . These experiments constrain λhS to be
very small. As a result, it gives an overabundance of relic density except around a small window around the resonance
region, mS „ mh{2.
However, one can improve the situation with scalar singlet DM using various alternatives, such as considering
other symmetries within the dark sector [21–24] or adding new particles in the particle spectrum so as to arrange
other portals [25–27] for DM annihilation without worsening the existing constraints. An interesting possibility in
this context, called coannihilation [28], is a widely studied feature in DM dynamics where the DM annihilates with
another dark sector particle and the chemical equilibrium between the annihilating particles ensures the substantial
depletion of DM number density. This feature is a very useful handle to revive the scenarios where direct detection
bounds push relic density to overabundance. In such scenarios, coannihilation works efficiently as a DM number
changing process without affecting the direct search measurements, because the direct detection channels are relevant
only for DM DM Ñ qq¯ interactions.
In the present work, we will revisit the scenario of the scalar singlet dark matter with a pair of accompanying
dark leptons which form a vectorlike Dirac fermionic doublet. Gauge invariance requires that the two components be
degenerate at tree level and only a small mass splitting of the order of 300 MeV can be generated by the radiative
corrections [29]. One can generate finite mass splitting at tree level in a gauge-invariant way by increasing the
particle content in the model. In this article, we introduce an additional scalar triplet for this purpose whose vacuum
expectation value (VEV) will be responsible for generating a small but sufficient mass splitting between the dark
leptons. This mechanism is used to generate finite mass of neutrinos in type-II seesaw models [30]. However, the
triplet may or may not play any role in the phenomenology of the dark matter depending on the values of their
masses. We assume them to be very heavy so that their effect is negligible apart from generating sufficient mass
splitting between the dark leptons which will play an important role in our study. Now this dark sector doublet
couples with the SM leptonic doublet and the scalar singlet via a novel Yukawa interaction which is less explored in
˚Electronic address: sreemanti@iitg.ac.in
:Electronic address: rislam@iitg.ac.in
ar
X
iv
:1
90
9.
12
29
8v
4 
 [h
ep
-p
h]
  1
8 J
un
 20
20
2the literature. There are two distinct interesting features of this model: (i) Since the new dark sector fermions form
a doublet, they will interact with the SM via gauge interaction as well as the new Yukawa coupling, which, in turn,
will give rise to new annihilation channels, and (ii) such a Yukawa structure will open up new production channels
for leptonic final states giving much enhancement in cross sections to search for dark matter in collider environments
like the LHC through the said channel. Depending on the choice of parameters, here the DM annihilation can have
three distinguishable stages, namely, pair annihilation, coannihilation, and mediator annihilation. Here, it is to be
noted that coannihilation scenarios in WIMPs are mostly studied in the literature in the context of supersymmetric
(SUSY) [31–34] and coloured coannihilating particles [35–37]. Our model discusses a leptophilic context, and the
coannihilation channels play an important role here due to the gauge interaction in the dark sector in addition to
the new Yukawa coupling. This feature is significantly different from the cases explored in the literature where the
leptophilic Yukawa structure involves singlet dark sector partners with the DM candidate [38, 39].
As mentioned above, since the coannihilating partner1 couples to the SM with gauge as well as Yukawa coupling, the
leptonic search channels get a boost in cross section from it, and it is only logical to probe the said channel for collider
signatures. Moreover, the leptonic channel gives cleaner signals than the other channels. Still, the collider searches
of dark matter are a very challenging prospect. Note that any leptophilic DM model like ours contributes to the
calculation of muon g ´ 2. Very good agreement between the theoretical calculation and experimental measurements
of muon g ´ 2, ∆aµ “ aExpµ ´ aSMµ “ 268p63qp43q ˆ 10´11 [40], put a strong constraint on the new Yukawa couplings
of the light SM leptons. However, there is no such bound for the production of τ leptons. Hence, it would be a good
prospect to probe that channel for dark matter signatures in colliders. Our case is similar to the SUSY theories where
stau is the coannihilating partner [31, 41–47]. In the SUSY scenario, the particle content is much larger than our
minimalistic model, leading to more involved phenomenology. On the other hand, in a minimalistic model like ours,
we have more handle to pinpoint the effects of coannihilation, and it is less probable to be lost in the midst of other
effects.
Despite the leptonic channel getting a boost, the cross section can still be smaller. So, to probe light leptonic channels
effectively, one must follow sophisticated techniques to separate signals from the backgrounds. The multivariate
analysis is one such prospect. We perform boosted decision tree (BDT) response to separate feeble light leptonic
signals from the background in an effective manner. On the other hand, despite further enhancement in cross section,
the τ leptons mostly decay into hadronic jets, resulting in difficulty in their reconstruction. We used τ -tagged jets
from the detector simulation with 60% τ -tagging efficiency to perform the BDT response.
We organised the paper as follows. In Section II, we describe the contents of our model. The dark matter
phenomenology, its formalism, and the observations from the relic density, direct, and indirect detection calculation
are discussed in Section III. Section IV contains the study of collider signatures at the LHC through multivariate
analysis of light dilepton as well as di-τ lepton channels. Finally, we conclude our results in Section V.
II. MODEL DESCRIPTION
As we described briefly in the introduction, we want a model where the dark sector will consist of one or more
coannihilating partners in addition to the scalar singlet dark matter. So, we consider a vectorlike Dirac fermionic
doublet ΨT “ pψ0, ψ´q and a real scalar singlet φ in addition to the SM particles. To achieve the stability of the
dark sector, both these new fields are odd under Z2 symmetry, whereas the SM fields are Z2-even. Gauge invariance
makes the masses of each field in the fermionic doublet degenerate. The difference between the masses can come only
from radiative corrections which are of the order of 300 MeV. However, one can introduce extra fields in the model
to increase the mass splitting. That is the reason why we introduce a Z2-even scalar triplet in addition to the SM
doublet scalar. However, this scalar triplet does not affect the phenomenology of dark matter in any way and serves
the only purpose of tuning the mass splitting of new fermions. In Table I, the quantum number assignments of the
particles relevant to new interactions are shown.
1 Nonobservance of any new fermionic partner state in LEP2 which interacts with the SM leptons via Yukawa-type interaction puts a
bound of mψ ą 104 GeV on their masses. However, please note that here the new fermions interact strongly only with the τ lepton.
Since LEP2 τ detection was not very precise, we must take this limit with a pinch of salt.
3`L eR H ∆ Ψ φ
SUp2qL 2 1 2 3 2 1
Up1qY ´1{2 ´1 1{2 1 ´1{2 0
Z2 ` ` ` ` ´ ´
TABLE I: Quantum number assignment of the relevant fields in our model. Electromagnetic charges are given by Q “ t3 ` Y .
The real scalar singlet φ which is our DM candidate interacts with the SM via the Higgs-portal. As the other dark
sector particles pψ0, ψ˘q form an SUp2qL doublet, it interacts with the SM through gauge bosons. The coannihilating
doublet Ψ couples with the SM leptonic doublet `L and the scalar singlet φ via a Yukawa interaction. This is novel in
the sense that the widely used Yukawa structure in any new physics model consists of a scalar doublet which is the
replica of the SM Yukawa interaction. Although this particular Yukawa structure is less explored in the literature,
it fits the bill for all our requirements for this study. Although, as mentioned previously, the scalar triplet does not
play any role in the DM phenomenology, we write the relevant terms in the Lagrangian nonetheless for the sake of
completeness.
Hence, the resulting Lagrangian takes the form
L “LSM ` sΨi {DΨ ´ sΨMΨΨ
`1
2
pBµφq2 ´
µ2φ
2
φ2 ´ λφ
4
φ4 ´ λhφ
2
pH:Hqφ2
`trrpDµ∆q:pDµ∆qs ´ µ2∆trr∆:∆s
´rµHT iτ2∆:H ` h.c.s ´ λ∆prtrp∆:∆qs2 ` trrp∆:∆q2sq
´λH∆rH:Htrp∆:∆q `H:∆∆:Hs ´ λφ∆φ2trp∆:∆q
´ 1?
2
“
y∆ sΨ c iτ2∆Ψ ` h.c.‰´ “yαps`αLΨqφ` h.c.‰ , (1)
where LSM is the SM Lagrangian, MΨ “ mψ0 “ mψ´ is the bare mass term of the new fermionic doublet, and Dµ “
Bµ` igW taW a` ig1 Y Bµ is the covariant derivative. The mass of the scalar singlet φ is given by m2φ “ µ2φ`λhφ v2{2,
where the VEV v “ av2H ` v2∆ « 246 GeV, vH and v∆ being the VEVs of the doublet and triplet scalar fields,
respectively. The mass splitting between the dark lepton fields in the doublet comes out to be
δ “ |mψ0 ´mψ` | “ y∆v∆ (2)
A discussion is in order here on the existing bounds that constrain the model parameters. The couplings which will
play a significant role in the DM dynamics are the Higgs-portal coupling λhφ and the Yukawa couplings y`, ` “ e, µ, τ .
To put the bounds from the direct detection searches at bay, we have considered λhφ À 10´4, which also takes care of
the invisible decay measurement. On the other hand, the muon g ´ 2 measurement puts a bound on the value of the
Yukawa couplings of light leptons. Although it need not be so stringent, we still take a conservative choice of values
at ye „ yµ À 10´9. This leaves the third-generation Yukawa coupling yτ to be the only one free from experimental
constraints. However, one must note that, to keep our model in the perturbative regime, we must have yτ ď 4pi. The
measurement of the ρ parameter [40] puts a bound on the value of the triplet VEV: v∆ „ 3 GeV. So for a safe choice
we have taken the value of the mass splitting δ ď 10 GeV.
III. DARK MATTER PHENOMENOLOGY
A. Formalism
In the proposed model, DM number changing processes are (i) pair annihilation (φφÑ SM SM), (ii) coannihilation
(φψ˘0 Ñ SM SM) and (iii) mediator annihilation (ψ˘0ψ¯0 Ñ SM SM). The choice of parameters will determine
the relative contribution of these processes towards the relic density as we discuss in the following sections. In
agreement with the common assumption of thermal freeze-out, the dark sector particles are in equilibrium with the
thermal bath in the early Universe. At the same time, they are also in chemical equilibrium with each other, due to
substantial interaction strength between themselves. Keeping all these in mind, one can write the Boltzmann equation
as follows [28]
dn
dt
“ ´3H n´ xσeff vy pn2 ´ n2eqq , (3)
4where n and neq are the DM number density and the equilibrium number density respectively. Now, the effective
velocity averaged annihilation cross section xσeff vy specific to this model can be written as
xσeff vy “ 1rgφ ` g¯ψ0 ` g¯ψ˘s2
“
g2φ xσφφÑSM SMvy
`gφ g¯ψ0 xσφψ0ÑSM SMvy ` gφ g¯ψ˘ xσφψ˘ÑSM SMvy
`g¯2ψ0 xσψ0ψ0ÑSM SMvy ` g¯2ψ˘xσψ˘ψ¯ÑSM SMvy
`g¯ψ˘ g¯ψ0xσψ˘ψ0ÑSM SMvy
‰
(4)
where
g¯ψ0 “ gψ0 p1`∆m0q3{2 expr´x∆m0s,
g¯ψ˘ “ gψ˘ p1`∆mchq3{2 expr´x∆mchs .
(5)
In the expressions above, gφ “ 1, gψ0 “ gψ˘ “ 2 are the internal degrees of freedom and x “ mφ{T . ∆m’s are
dimensionless mass splitting parameters defined as
∆m0 “ pmψ0 ´mφq{mφ ,
∆mch “ pmψ˘ ´mφq{mφ . (6)
As previously mentioned, the pair annihilation and coannihilation channels predominantly control the DM freeze-
out. The mass splitting between φ and other dark sector particles and the Yukawa couplings mainly determines
the contribution of these processes towards the total DM annihilation cross section. These mass splittings play a
very important role, especially for the coannihilation and mediator-annihilation processes, as the Boltzmann factor in
Eq. (4) gives rise to a significantly increased annihilation cross section for small values of ∆m’s.
Before we go into the details of the freeze-out mechanisms, let us discuss the parameters used in the analysis. Since
the mass splitting parameters defined in Eq. (6) between DM and other dark sector particles play an important role
in freeze-out of φ, we will use them as independent parameters along with DM mass. As discussed in the previous
section, the only important Yukawa coupling here will be yτ , which couples φ to the third-generation SUp2qL lepton
doublet and the new fermionic doublet Ψ . In summary, we take the following values of the parameters throughout
our analysis:
Free parameters: mφ, ∆m0, ∆mch, yτ ,
Fixed parameters: λhφ “ 10´4, ye „ yµ „ 10´9 . (7)
B. Analysis and observations
1. Relic density
In addition to the Higgs-portal annihilation channels of scalar singlet DM, the present model introduces a Yukawa
interaction between the dark sector particles and SM. Unlike the Higgs-DM quartic coupling (λhφ), the new Yukawa
coupling (yτ ) is unconstrained except for the perturbative limits. This provides an excellent tool to explain the relic
density for a wide parameter space even with negligible λhφ, which, in turn, alleviates the direct search bounds. We
have performed DM analysis using micrOMEGAs [48].
Because of minuscule λhφ, the Higgs-portal annihilation channels have a negligible contribution towards DM relic
density, and, hence, we will focus on the newly introduced channels only. All these annihilation channels can be
broadly classified into three categories:
• pair annihilation (φφÑ SM SM) (Fig. 1),
• Coannihilation (φψ˘0 Ñ SM SM) (Fig. 2), and
• Mediator annihilation (ψ˘0ψ¯0 Ñ SM SM) (Fig. 3).
All these categories can coexist or supersede each other, depending on the choice of parameters. The coannihilation
and mediator annihilation processes become efficient only for small mass splittings between the DM and the dark
sector particles. This is due to the exponential factor sitting in the expression for the respective xσeff vy [see Eq. (4)].
5Moreover, in this model, the cross sections of these processes are larger than the DM pair annihilation cross section,
which is the precise reason why these processes significantly reduce DM relic density [49]. In the following analysis, we
will see that, over the entire parameter space, these DM number changing processes supersede the pair annihilation
contribution to the relic density by 1 or 2 orders whenever δm “ mψ˘pmψ0q ´mφ are small.
Similar to δm’s, the two ∆m’s also account for the strength of the coannihilation and mediator annihilation channels
for two heavier dark sector particles ψ0 and ψ˘. Apart from this, the Yukawa coupling yτ also plays a significant
role. In this context, it is worth noting that, for the pair annihilation channels in Fig. 1, the cross section depends
on y4τ , while, for coannihilation channels, it is only a y
2
τ dependence, and the mediator annihilation channels, being
mostly gauge mediated, have very little dependence on yτ . One can easily verify this from the analytical expressions
in Eqs. (A1) and (A2).
Since all the above three categories of DM annihilation can coexist in the parameter space, it would be interesting
to identify the limiting cases where the transition from one category to another is perceivable. It is worth mentioning
here that the interaction channels between φ and two other dark sector particles are exactly similar (see Figs. 1 and 2),
so in the degenerate mass limit mψ0 „ mψ˘ their contribution will be the same. However, here the extra scalar triplet
allows a finite mass difference between ψ˘ and ψ0. This mass splitting helps to identify the dominant dark lepton in
the number-changing DM coannihilation and mediator annihilation channels.
φ
φ
τ+/ν¯τ
τ−/ντ
ψ+/ψ0
FIG. 1: Feynman diagrams depicting the pair annihilation channels of φ
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FIG. 2: Feynman diagrams depicting the coannihilation channels of φ
In Fig. 4, the transition between the above-mentioned categories is depicted in the yτ vs mφ plane for some fixed
values of δm “ mψ˘pmψ0q´mφ. For pair annihilation, xσeff vy has mψ˘ dependence only in the t-channel propagator,
but, for coannihilation, mψ˘ appears in the propagator and the initial state along with the Boltzmann factor [Eq. (5)].
The functional dependence on the Boltzmann factor is even stronger for the mediator annihilation channels, which
implies that for small mass splitting between the dark leptons and φ, mediator annihilation channels will deplete the
DM number density most efficiently. For slightly larger splittings, the coannihilation channels take over. A large
enough value of δm, however, makes the coannihilation processes negligible due to substantially large Boltzmann
suppression, and so the pair annihilation predominantly dictates DM annihilation. This is clear from Fig. 4, where
the blue line depicts the relic density allowed yτ vs mφ correlation for the mediator annihilation dominated channels.
As required for this feature, mψ˘´mφ is small (À 10 GeV). In magenta and red lines, however, coannihilation channels
dominate due to comparatively larger δm. It is to be noted here that mψ0 ´mψ˘ is fixed at 5 GeV in this plot, which
implies that φ ´ ψ˘ coannihilation is stronger than the neutral dark lepton counterpart. As the DM-dark lepton
splittings increase, for a fixed value of mφ, xσeff vy becomes further Boltzmann suppressed, and, hence, larger yτ is
required to keep it within observed limits. For even larger δm, e.g., green and black lines, coannihilation contribution
becomes more suppressed and pair annihilation becomes dominant. In order to obtain a sufficient annihilation cross
section for the right relic, this implies a fairly large yτ .
In Fig. 5, the variation of ∆m (∆mch “ ∆m0 “ ∆m) vs mφ is plotted for all points satisfying the right relic. In
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FIG. 3: Feynman diagrams depicting the mediator annihilation channels
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FIG. 4: yτ vs mφ variation showing the transition from me-
diator annihilation to coannihilation and pair annihilation
regime for different values of mψ˘pmψ0q ´mφ in GeV.
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FIG. 5: ∆m p“ ∆mch “ ∆m0q vs mφ variation for fixed
values of yτ . All points satisfy relic density.
the smaller mφ region, the major share in relic density comes from φψ
˘p0q coannihilation channels. Larger values
of ∆m cause Boltzmann suppression in xσeff vy, which, in turn, is compensated by larger values of the coupling, as
clearly seen in the plot. However, this feature is more prominent for smaller values of mφ. This is due to the fact
that, for a fixed ∆m, larger values of mφ imply large mψ˘p0q ´mφ, which rules out any substantial effect from the
coannihilation channels. In fact, for larger mφ, pair annihilation channels begin to dominate the total annihilation.
Propagator suppression causes yτ to decrease towards higher mφ, but here the decrease is at a much slower rate than
the smaller mφ regime.
As mentioned previously, for very small values of ∆m’s, mediator annihilation or the freeze-out of ψ0 and ψ˘
contributes to the relic density of φ. As observed from Eq. (4), the dependence on ∆m’s is stronger in the Boltzmann
factor of xσeff vy than coannihilation, and this leads to the fact that, for very small values of ∆m’s, the mediator-driven
annihilations almost entirely dominate the total DM annihilation. It is also worth noting that, being mostly gauge
mediated, these channels substantially contribute to the DM annihilation even for very small values of yτ . For our
choice of parameters, we have observed that mediator annihilation is effective for pmψ˘p0q ´mφq À 10 GeV, and then
the coannihilation processes take over. This feature is clear from Fig. 6, where we can see that there is no relic density
allowed yτ for ∆m À 0.1 GeV. Beyond this range, as ∆m increases, the required coupling also increases gradually to
compensate for the Boltzmann suppression. mφ is fixed at 100 GeV. Contributions from both the dark leptons are
equal in the total annihilation cross section of DM, since they are considered degenerate.
In Fig. 7, the variation of the relic density is plotted with ∆m for some fixed Yukawa couplings and DM mass. As
70.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
Δm
y
τ
FIG. 6: Variation of relic density allowed points in yτ vs
∆m p“ ∆mch “ ∆m0q plane for mφ=100 GeV. The coupling
gradually increases for larger ∆m, compensating for larger
Boltzmann suppression in xσeff vy.
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yτ = 0.5,mϕ = 100 GeV
yτ = 1.0,mϕ = 500 GeV
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FIG. 7: Variation of relic density with ∆m p“ ∆mch “ ∆m0q
in the coannihilation regime for fixed values yτ and mφ. The
black line represents the right relic density at Ωh2 “ 0.1215.
already argued, for a fixed mφ, larger coupling corresponds to larger ∆m due to Boltzmann suppression in xσeff vy as
well as larger mass suppression of ψ˘p0q in the t-channel propagator of the coannihilation channels. This explains the
shift along the X axis from the red to the blue line where mφ is 100 GeV and the Yukawa coupling yτ varies from
0.5 to 1.0. We see the same trend for the cyan and green lines, but the amount of shift is relatively less, because,
in this case, mφ is larger (500 GeV), which automatically implies a fairly large splitting between m
0
ψ{mψ˘ and mφ,
and, consequently, the coannihilation effect is not so prominent. We can argue that, for a fixed value of yτ , larger DM
mass obtains the correct relic density with a relatively smaller ∆m; hence, the red line with mφ=100 GeV shifts left
towards the cyan line with the same yτ but larger mφ = 500 GeV. The same logic applies to the shift between the blue
and the green line. This trend also agrees with Fig. 5. As expected, very small values of ∆m give an underabundance
for the choice of parameters due to a fairly large increase in the Boltzmann factor of Eq. (5).
yτ = 0.0
yτ = 1.0
yτ = 2.5
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Δm0
Δm
c
h
FIG. 8: Correlation between ∆m0 and ∆mch for different values of yτ . mφ varies from 65 GeV to 1 TeV. The three colours
indicate three different couplings and distinguish the regions of parameter space where different DM number-changing processes
dictate the relic density. The shaded region is allowed by the constraint on mass splitting between the dark leptons.
Now we observe the possibility of coexistence of all the possible annihilation regimes by varying both ∆m0 and
∆mch along with the DM mass. Fig. 8 gives a correlation plot between ∆m0 and ∆mch at different values of yτ .
For very small values of the coupling, mediator annihilation and coannihilation are dominant over pair annihilation
depending on ∆m, because, as seen from Eqs. (A1) and (A2), annihilation cross sections are proportional to y4τ
while for coannihilation it is only y2τ and mediator annihilations are mostly gauge mediated. The green points,
corresponding to yτ “ 0.0, show that one can obtain the correct relic density only if one of the ∆m’s is fairly small.
Mediator annihilation is the only possibility here, because some of the channels in Fig. 3 are yτ independent. The red
8shading, on the other hand, corresponding to a larger coupling (yτ=1.0), shows some scattered points in the allowed
region. This implies that, with the increase in the coupling, the coannihilation and pair annihilation channels become
stronger, and, to maintain the right relic, the mediator annihilation channels are automatically suppressed. This is an
artifact of the larger ∆m values in the allowed region. The spread even increases for blue points, which corresponds
to even larger yτ “ 2.5. In this region, due to such large coupling, pair annihilation is the most dominant, and other
number-changing processes are supressed. Therefore, it becomes obvious that all three possible modes of annihilation
can coexist in the present model for a wide parameter space where mφ varies from a few GeV up to the TeV scale,
and the coupling ranges from 0 to 3. However, the constraint on mass splitting between the dark leptons excludes
the white region in the correlation plot. The introduction of a scalar triplet to generate the finite mass splitting plays
the key role in relaxing the parameter space here , because in the degenerate limit the allowed grey shaded region
narrows down to the line along ∆m0 “ ∆mch. Nevertheless, even with the imposed constraint, the essential feature
remains unchanged, where large Yukawa coupling and larger values of ∆m favour pair annihilation while the smaller
values facilitate coannihilation and mediator annihilation.
2. Direct and indirect detection
Direct search prospect — As known from the direct detection of scalar DM models, DM undergoes elastic
scattering with detector nuclei through Higgs mediation. The spin-independent scattering cross section in our model
is [50]
σSI “
λ2φh
16pim4h
f2
m4N
pmφ `mN q2 (8)
where the form factor (f „ 0.3) contains all the contributions from the nuclear matrix elements. Throughout the study,
we have fixed the DM-Higgs coupling λφh at 10
´4. This keeps σSI 2-4 orders below the experimental bounds [51].
The new physics Yukawa coupling yτ being leptophilic plays no role in direct searches.
Indirect search prospect — The indirect detection experiments further constrain the DM velocity averaged cross
section for relevant channels contributing to high-energy γ-ray flux in the Universe. In the context of our model, as
far as these possibilities are concerned, due to DM-Higgs coupling λφh “ 10´4, xσvyγγ and xσvybb¯ contributions will
be minuscule. However, the annihilation channels in Fig. 1 give rise to xσvyτ`τ´ possibility.
In Fig. 9, xσvyττ is plotted against mφ for two different values of ∆m’s, whereas yτ is varied in the colour bar. Both
mφ and yτ are varied over the full range. To be specific, some values of yτ are taken above our conservative choice
for the perturbative limits to demonstrate the entire parameter space. The allowed limit (yτ À 3.0) is up to the green
shade, whereas the purple region above is not allowed by perturbativity. It is visible from Fig. 9b that the large ∆m’s
considered here suggest larger propagator suppression for the relevant channels and, consequently, shift the parameter
space downwards along the Y axis compared to Fig. 9a.
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FIG. 9: Plots indicating the parameter space and the constraints relevant to indirect detection. The top plot is for ∆m0 “
∆mch “ 0.3, whereas for the bottom plot ∆m0 “ ∆mch “ 0.8. yτ is varied in the colour bar, and our conservative choice for
the perturbative limit is depicted by the region between red and green. The gray dots represent the latest bounds from τ`τ´
measurements observed in Fermi-LAT. The black dots represent the relic density allowed region.
9The parameter space below the indirect search limits is depicted by the region below the gray dots, which is the latest
experimental bound from Fermi-LAT data[16]. Because of the shift of the parameter region downwards along the Y
axis for larger ∆m’s as explained above, a larger region remains below the experimental limits for Fig. 9b, except a
small portion towards smaller values of mφ. However, it is clearly seen that the relic density allowed region, depicted
by the black dots, remains safely below the experimental limits in both the plots. For Fig. 9a, since the ∆m’s are
smaller, the relic density allowed region remains below the perturbative limits for yτ for a large range of mφ, whereas
for Fig. 9b, a substantial portion remains above. This feature is also seen in Fig. 6. There, for a fixed value of DM
mass (mφ = 100 GeV), the relic density allowed points correspond to yτ » 1.0 for ∆m = 0.3, whereas yτ » 1.7 for
∆m = 0.8.
IV. COLLIDER SIGNATURES
The challenges of discovering dark matter in colliders are manifold. They manifest themselves as missing energy
(EmissT ). Hence, the focus shifts entirely on the characteristics and precise measurements of associated production of
visible particles. The charged multilepton channels are the most suitable to probe dark matter because of its clean
signal, whereas QCD backgrounds overshadow the multijet channel, and it is very difficult to separate signals from
the background. Since ours is a leptophilic model, these channels bear more significance than the others for our case.
Having said so, please note that muon g´2 constrains the new light leptonic couplings severely, whereas the coupling
with the τ lepton remains unbounded, as we already mentioned previously. Here, we are going to study the collider
signatures of DM though charged multilepton ` EmissT channels. Our analysis will include both light charged leptons,
since they give by far the cleanest signals, as well as τ leptons, as the unbounded couplings give a greater cross section
than light leptons, paving the way to better analysis to see the effects of the new couplings.
Although τ lepton analysis poses more challenges, at the same time it unravels more unique features that can come
in handy in the analysis for any collider like the LHC. The τ lepton is the charged lepton of the third generation
and the heaviest among them. It is even heavier than most of the light quark mesons. As a result, τ leptons decay
hadronically, which sets them apart from all other leptons. Because of the lepton number conserving weak interactions,
the τ final states are always accompanied by one neutrino in the hadronic final states and two neutrinos in the leptonic
final states. Since the neutrinos add to the missing energy, the full τ energy cannot be measured. The leptonic decays
of the τ are difficult to distinguish from prompt leptons in a ` ` EmissT final state. Therefore, only the hadronically
decaying τ ’s are suitable for the collider signatures.
We have used FeynRules [52] to generate model files for our model. Events have been generated using MadGraph5 [53]
and showered with Pythia 8 [54]. Finally, the detector simulation has been performed using Delphes [55]. We use
the τ -tagged jets from Delphes and reconstruct them with the help of FastJet [56] using the anti-kT algorithm. The
separation ∆R of two adjacent τ jets is taken to be 0.4, and the τ -tagging efficiency is taken to be 60%. We carried
out our analysis for the LHC at the CM energy
?
S “ 13 TeV. We used the dynamic factorisation and renormalisation
scale for the signal as well as the background events.
For the generation of parton-level events, we apply minimum or maximum cuts on the transverse momenta pT and
rapidities η of light jets, b jets, leptons, photons, and missing transverse momentum. Also, distance cuts between
all possible final objects in the rapidity-azimuthal plane are applied, with the distance between two objects i and j
defined as ∆Rij “
apφi ´ φjq2 ` pηi ´ ηjq2, where φi and ηi are the azimuthal angle and rapidity of the object i,
respectively.
The preliminary selection cuts used in the analysis are
• pT ą 10 GeV and |η| ă 2.5 for all charged light leptons,
• pT ą 20 GeV and |η| ă 5 for all non-b jets, and
• ∆Rij ą 0.4 between all possible jets or leptons.
After this, the .lhe files obtained through parton level events are showered with final state radiation (FSR) with Pythia
8 where initial state radiation (ISR) and multiple interactions are switched off and fragmentation or hadronisation is
allowed.
The most important modes of production in dilepton channels are
(1) ppÑ ```´ 2φ ;
(2) ppÑ ```´νν¯ 2φ ,
where ` stands for all three generations of charged leptons, namely, e, µ, and τ . Among the two classes of signal
processes, the set (1) proceeds as follows:
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FIG. 10: Feynman diagrams contributing to the dilepton channels.
(i) ppÑ ψ`ψ´, followed by the decay of both ψ’s as ψ˘ Ñ `˘ φ [See Fig. 10a] ,
The couplings which play a role in the above processes are only the ones involving light leptons and, hence, are very
suppressed for the light dilepton channel as shown in Eq. (7). In the same vein, this channel will be dominant for the
τ lepton analysis as a large value of yτ is in effect.
On the other hand, the set (2) of processes mentioned above will proceed as
(i) ppÑ ψ0ψ¯0, followed by ψ0 Ñ φ ν and ψ¯0 Ñ ```´ ν¯φ [See Fig. 10b] .
(ii) ppÑ ZZpγ˚q, followed by Z Ñ νν¯ 2φ and Zpγ˚q Ñ ```´ [See Fig. 10c] .
As the couplings involved can also be either gauge couplings or that involving the τ lepton, both being considerably
large, the set (2) of processes give us sufficient cross sections even for light dilepton channel to proceed with our
analysis.
To highlight the features of our model clearly, we have selected the following benchmark points (see Table II). The
significance of the choice in benchmark points will be clear as we elaborate on our analysis in the following discussions.
mφ mψ0 mψ˘ yτ
(GeV) (GeV) (GeV)
BP1 100 125 120 0.7
BP2 80 100 90 0.1
TABLE II: Benchmark points used for the collider analysis.
For the benchmark points given in Table II we get the cross sections for the light dilepton channel as shown in
Table III.
Processes
Cross section (pb)
BP1 BP2
p2q ppÑ ```´νν¯ 2φ 232.17ˆ 10´6 409.30ˆ 10´6
TABLE III: Cross sections of the light dilepton signal processes. The set (1) of subprocesses is highly suppressed for the
coupling choices of Eq. (7), whereas the set (2) further involves gauge and τ lepton couplings and, hence, is dominant in this
scenario.
Table IV shows the signal cross sections for di-τ -jet channel. As mentioned previously, we can see the distinction
between the cross sections of process (1), which is substantially greater than that of process (2) for this case. This is
because, although the large value of yτ and gauge couplings dictate both the processes, process (2) is suppressed by
branchings and phase space.
The major backgrounds at the LHC for the light dilepton channel are as follows
Bkg1 — ppÑ tt¯, followed by the top (anti)quark decaying into the leptonic channel, tpt¯q Ñ `˘νpν¯qbpb¯q.
Bkg2 — ppÑW`W´. W˘ further decays via leptonic channel as W˘ Ñ `˘νpν¯q.
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Processes
Cross section (pb)
BP1 BP2
p1q ppÑ τ`τ´ 2φ 805.09ˆ10´3 786.33ˆ10´3
p2q ppÑ τ`τ´νν¯ 2φ 2.72ˆ10´3 3.33ˆ10´3
TABLE IV: Cross sections of the signal processes for the di-τ -jet channel. Despite the large yτ and gauge couplings, process
(2) is suppressed due to more branchings and phase space.
Bkg3 — ppÑW˘Zpγ˚q, followed by W˘ Ñ `˘νpν¯q, and Z{γ˚ decays into leptonic channel, Zpγ˚q Ñ ```´.
Bkg4 — ppÑ ZZpγ˚q, followed by leptonic decays Z Ñ νν¯ and Zpγ˚q Ñ ```´.
The major backgrounds at the LHC for the τ -jet channel will be similar as above with light lepton replaced by τ ’s.
Since τ ’s can decay into hadronic channels we also have to consider light jets as backgrounds. In the following we
show all the backgrounds for this particular channel.
Bkg1 — ppÑ tt¯, followed by the top (anti)quark decaying into the τ -jet channel, tpt¯q Ñ τ˘νpν¯qbpb¯q.
Bkg2 — ppÑW`W´. W˘ further decays via τ -jet channel as W˘ Ñ τ˘νpν¯q.
Bkg3 — ppÑW˘Zpγ˚q, followed by W˘ Ñ τ˘νpν¯q, and Z{γ˚ decays into τ -jet channel, Zpγ˚q Ñ τ`τ´{2j.
Bkg4 — ppÑ ZZpγ˚q, followed by Z Ñ νν¯ and jet decays Zpγ˚q Ñ τ`τ´{2j.
Table V shows the cross sections for the above backgrounds.
Processes
Cross section (pb)
Leptonic Jet
Bkg1 21.27 5.31
Bkg2 3.13 781.43ˆ10´3
Bkg3 402.68ˆ10´3 14.75ˆ103
Bkg4 272.43ˆ10´3 2.78ˆ103
TABLE V: Cross sections of the backgrounds.
Before getting involved in a more intricate analysis, we shall first discuss the kinematic distributions for this channel.
The kinematic observables at our disposal are only the 4-momenta of the leptons and the missing energy EmissT . We
order them according to the magnitude of their transverse momentum pT . As a result, a leading lepton would always
mean the leading-pT lepton. We can also construct other observables from them, such as the invariant mass of the
lepton pair. In a similar vein, we would construct the so-called transverse mass of the lepton-EmissT system. We shall
call this quantity the missing transverse mass and define it for each lepton-EmissT system as
MmissT` “
b
2E`T E
miss
T p1´ cos ∆φ`EmissT q , (9)
where E`T “ p`T , which is the magnitude of the transverse momentum of a given lepton, and ∆φ`EmissT is the difference
between the azimuthal angles of the lepton and missing transverse momentum. One can also construct similar
observable for τ ’s. The missing transverse mass plays an important role in distinguishing the massless invisible
particles (such as neutrinos) from the massive ones (as is the case for our dark matter candidates), and, hence is very
crucial for our analysis. With all these observables at our disposal, we show some of the distributions in Fig. 11 for
the light dilepton channel and Fig. 12 for the di-τ -jet channel.
Before going further into the analysis, let us discuss the features of the benchmark points which we mentioned
previously. It is clear from the distributions that the benchmark points 1 and 2 have very similar patterns and that
the distributions are more populated in the lower region of each observable. It is also clear from these distributions
that is very difficult to separate the signal from the background by simple cut-flow analysis. We will lose too many
signal events with respect to the background leading to very low signal-to-background efficiency. That is the reason
we apply the multivariate analysis which we will elaborate next.
In the next level of our study, we use Toolkit for Multivariate Data Analysis (TMVA) [57] in ROOT, to distinguish
the signal events from the backgrounds efficiently. For this, we use the distributions of Fig. 11 (Fig. 12) and some
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FIG. 11: Distribution plots for the dilepton channel. The top panel shows pT distributions of the leading and subleading
pT -ordered leptons and the lepton invariant mass. The bottom panel shows the distributions of the missing transverse energy
and missing transverse masses with leading and subleading leptons.
FIG. 12: Distribution plots for the di-τ -jet channel. The top panel shows pT distributions of the leading and subleading
pT -ordered τ jets and the τ jet invariant mass. The bottom panel shows the distributions of the missing transverse energy and
missing transverse masses with leading and subleading τ jets.
other kinematic observables to train a BDT for the light dilepton (di-τ -jet) channel. The complete list of observables
used to train BDT are as follows:
• pT and η of the leading and subleading light leptons (τ -jets) and the invariant mass of the pair,
• missing transverse momentum EmissT ,
• missing transverse mass MmissT of the leading and subleading light leptons (τ jets),
• the difference of the azimuthal angles ∆φ`EmissT of the leading and subleading light leptons (τ -jets) with the
missing transverse energy.
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We use these distributions as discriminators to the BDT analysis. The discrimination of the signal and background can
be improved further using proper cuts in addition to the preliminary selection cuts to the signal and/or background
events. The resulting BDT response functions give us an estimate of the signal efficiency vs the rejection of the
background.
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FIG. 13: BDT response curves for the dilepton channel. The solid purple and the hollow red ones are before any additional
cuts with only taking into account the preliminary selection cuts, whereas the solid blue and the hollow black ones are after
implementing carefully chosen additional set of cuts.
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FIG. 14: BDT response curves for the di-τ -jet channel. The solid purple and the hollow red ones are before any additional
cuts with only taking into account the preliminary selection cuts, whereas the solid blue and the hollow black ones are after
implementing a carefully chosen additional set of cuts.
Fig. 13 (Fig. 14) shows the BDT response curves (solid filled histograms are for the signal, and the hollow ones
are for the background) for the light dilepton (di-τ -jet) channel for each benchmark points. Here we show two sets
of BDT responses: (i) the solid purple and the hollow red ones are before any additional cuts with only taking into
account the preliminary selection cuts, whereas (ii) the solid blue and the hollow black ones are after implementing a
carefully chosen additional set of cuts to improve the distinguishability of the signal from the backgrounds. We will
elaborate on the cuts chosen later on.
We observe that the signal is separable from the background from the BDT response curves of Figs. 13 and 14
after the use of additional cuts. However, we have not yet quantified the improvement. For this, we draw the
receiver operating characteristic (ROC) curves for each benchmark point using the gradual use of additional cuts.
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Fig. 15 (Fig. 16) shows the resulting curves for the signal efficiency vs the rejection of the background for the light
dilepton (di-τ -jet) channel for each benchmark points. The area under each curve gives the quantitative estimate of
the goodness of the separation of the signal from the backgrounds. In Table VI, we show the area under the ROC
curve for each cut. The value of the cut is in addition to all the preceding cuts. We can see the improvement in the
separation of the signal from the backgrounds from these numbers. The important point to be noted here is that,
for the light dilepton case, the cuts were used only on the background events, leaving the signal events untouched,
whereas for the di-τ -jet case, the cuts were used only on the signal events. The reason for this can be understood as
the population of events in the distribution plots of Figs. 11 and 12, respectively.
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FIG. 15: ROC curves for the dilepton channel. The area under the ROC curve for each cut (in GeV) is given in the inset.
Each value is in addition to all the preceding cuts.
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FIG. 16: ROC curves for the di-τ -jet channel. The area under the ROC curve for each cut (in GeV) is given in the inset. Each
value is in addition to all the preceding cuts.
From the above discussions, plots, and numbers, we can clearly see that, for our set of benchmark points, the DM
signal for a leptophilic model with coannihilating dark lepton partners may not be separable from the SM backgrounds
in a collider environment by the ordinary cut-flow analysis. However, it can be easily done with the help of a set of
carefully chosen cuts in BDT analysis.
Apart from the prompt decay of dark partners, this model can also accommodate delayed decays in colliders leading
long-lived particle (LLP) signatures which we discuss in the following. As mentioned previously, the gauge invariance
mandates the degeneracy between the dark leptons. Only the loop effect generates a small mass splitting between
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dilepton channel
Cuts BP 1 BP 2
Initial 0.921 0.972
p`T ą 50 GeV 0.973 0.991
m`` ą 50 GeV 0.971 0.991
EmissT ą 50 GeV 0.980 0.993
MmissT ą 50 GeV 0.994 0.998
di-τ -jet channel
Cuts BP 1 BP 2
Initial 0.757 0.786
pτT ą 50 GeV 0.969 0.973
mττ ą 50 GeV 0.969 0.974
EmissT ą 80 GeV 0.993 0.993
MmissT ą 50 GeV 0.996 0.995
TABLE VI: The area under the ROC curves in Figs. 15 and 16 for each cut. Each value is in addition to all the cuts above it.
The efficiency of the cuts can be seen from the increasing values for each subsequent entry.
them. Even after the introduction of a scalar triplet in our model, the mass splitting remains sufficient but small as
can be seen from Eq. (2). The resulting phase space will be automatically suppressed in the decays of such particles
because of this small mass splitting. Such a scenario leads either of the dark leptons to be long-lived depending on
their mass hierarchy. If the decay length cτ be greater than the detector radius, it is obvious that the neutral partner
will give a missing energy signal, whereas the charged one will leave a stable ionisation track (HSCP) [58–60] in the
detector.
Things become much more interesting once these particles decay inside the detector. For the charged particle, it
will either give a disappearing (DT) [61–63] or a kinked track [64, 65].
Depending on the mass hierarchy, there can be several LLP possibilities. Fig. 17 shows such possibilities in our
model. In Fig. 17a, ψ` decaying into a charged lepton and MET may give disappearing tracks or kinks in the tracker
of the detector. The signature is similar to the charged Higgsino decaying into neutral a gravitino and SM leptons
through off-shell decay of a W boson [65]. In our study, we are producing an on-shell ψ0 in ψ` decay and that, in
turn, decays into φ and ντ with 100% branching ratio. It is obvious that both the decay products of ψ
0 are charge
neutral, so the entire ψ0 decay chain will give a missing energy signal in the colliders.
W+
ψ+
ψ0
ν
φ
ℓ+
ν
(a) Decay of the charged dark lepton.
W−
ψ0
ψ+
τ+
φ
ℓ−
ν
(b) Decay of the neutral dark lepton.
FIG. 17: Possible channels for LLP decays.
For nearly degenerate ψ` and ψ0, the emitted lepton will be soft, and the track of the mother particle can be
identified as disappearing tracks. As we have already pointed out, radiative correction allows δ „ 300 MeV, and, from
Fig. 18, it is clear that for this the in-flight decay of ψ` gives only DT of decay length around a few centimetres.
The kink, however, may be observed in cases where the emitted lepton carries significant energy. One obvious way
to address this issue is to increase the mass splitting (δ) between ψ` and ψ0. The introduction of the triplet in
the particle spectrum becomes important in this context because δ can be varied up to 10 GeV. Fig. 18 shows the
typical decay length (cτ) vs δ variation for a typical value of mψ0 . The decay length varies around the sensitivity
region of ATLAS for δ À 2 GeV. For larger splittings, however, the decay becomes too prompt to be detected in
the trackers. The kink angle, i.e., the difference of azimuthal angles of the charged parent and the daughter particle,
can be measured as a function of the mass and 3-momentum of these particles and the polar angle of the parent
particle with the beam axis. The expression, although model dependent, should be similar to Eq. (1) of Ref. [64].
However, the detailed kinematics specific to this model along with a robust collider simulation and proper background
estimation is beyond the scope of this work, and we postpone it for future study.
If the mass hierarchy between ψ0 and ψ` is reversed, then the neutral lepton decays late into two emerging visible
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FIG. 18: Variation of cτ as a function of the mass splitting between the dark leptons.
particles and MET, the final states being a displaced jet coming from τ decay and a displaced lepton obtained via W
decay [Fig. 17b].
V. CONCLUSION
In this work, we have proposed a singlet scalar DM with a vectorlike fermionic doublet having the same dark
symmetry. The minuscule Higgs-portal coupling with scalar DM keeps the direct detection cross section below the
experimental bound, which is an important handle in reviving the scenario of scalar singlet DM models. The new
Yukawa coupling, on the other hand, which is irrelevant to direct search prospects, plays a vital role in dictating the
relic density. We have shown that the model can provide a viable DM candidate through pair annihilation, coanni-
hilation, and mediator annihilation channels over a wide parameter space ranging from GeV up to TeV scale. The
transition from the pair annihilation to coannihilation regime is demonstrated, and the relevant limits of parameters
are discussed. We have observed that coannihilation processes have a substantial contribution to relic density for
a comparatively larger mass splitting between DM and the dark sector particles than what is usually discussed in
the literature both in SUSY [32, 66, 67] and non-SUSY [38, 68–70] context. This may be attributed to the gauge
couplings involved in these channels, which is a substantial contribution thanks to the dark fermion being a doublet.
This is an artefact of the unconventional beyond the SM Yukawa structure considered in the proposed model. This
arrangement, involving SM and dark sector lepton SUp2qL doublets and a scalar singlet, appropriately highlights the
important features in the work.
Apart from the DM context, the gauge production of the fermionic doublet followed by decay to DM through
the Yukawa coupling results in a substantially increased DM production at the colliders compared to scalar singlet
scenarios. Using suitable kinematic observables in a BDT classifier, we separate the signal events from the backgrounds
in an effective manner. We have shown that, with the use of proper cuts, we can achieve good results for both the
light as well as τ leptonic channels.
This model can also provide potential search prospects for long-lived particles because of the nearly degenerate or
small mass splittings between the dark leptons. This can lead to suppressed phase space, and the delayed decay of
these leptons can facilitate long-lived signatures (LLP) in the colliders, which is recently being given wide attention
in the literature. In our study, we have indicated different possibilities of LLP signatures that may arise by tuning
the relevant parameters.
One can interpret a limitation of the proposed model in the sense that, from the observed results in both dark
matter and the collider analysis, there is no way to distinguish between the two dark leptons, although, one might
assume on the contrary from Fig. 17 that it is possible from one-prong (for charged dark lepton) and two-prong (for
neutral dark lepton) decays. But from Fig. 10 and the subsequent discussion, we see that we have to reconstruct a
dark lepton from the visible final state SM particles; here, these are leptons. Since these two dark leptons have almost
equal masses, it will be difficult to separate them, whereas, a larger splitting between the dark leptons can give more
interesting signatures in the colliders. We are pursuing a possible solution to address these issues in an ongoing work.
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Appendix A: Appendix
The differential cross section of the pair annihilation process φφÑ τ`τ´ is
dσ
dcθ
“ 1
32pi
y4τ
4
b
sps´ 4m2φq p1´ c2θq
” 1
pt´m2
ψ`q2
` 1pu´m2
ψ`q2
´ 2pt´m2
ψ`qpu´m2ψ`q
ı
. (A1)
In the above, we neglected the τ lepton mass. We will get the same expression for the process φφ Ñ ντ ν¯τ with
mψ` Ñ mψ0 and Γψ` Ñ Γψ0 . The differential cross section of the pair annihilation process φψ0 Ñ ντZ is
dσ
dcθ
“ 1
32s3{2
s´m2Z
pm2Z
y2τ αEM
sin2 2θW
ˆ
” 1
s2
!
p
?
scθps´ 2m2Zqps´m2Zq ` 12
“pm2φ ´m2ψ0qp6m4Z ´ 3m2Zs´ s2q ` sp2m4Z ´m2Zs` s2q‰)
` 1pu´m2ψ0q2
!p3c3θ
s3{2
ps´m2Zq3 ´ p
2c2θ
2s2
pm2Z ´ sq2rpm2φ ´m2ψ0qp3m2Z ´ sq ` sp5m2Z ` sqs
´ pcθ
4s5{2
pm2Z ´ sqrp3m4Z ´ 2m2Zs´ s2qpm4φ ´ 2m2φm2ψ0 `m4ψ0q ` 2m2φsp5m4Z ´ 2m2Zs` s2q
´ 2m2ψ0sp5m4Z ` 6m2Zs` s2q ` s2p7m4Z ´ 2m2Zs´ s2qs ´
m6φ
8s3
pm2Z ´ sq2pm2Z ` sq
´m4φpm2Z ´ sqp´3m2ψ0pm4Z ´ s2q ` 5m4Zs` 3s3q `m2φp´3m4ψ0pm2Z ´ sq2pm2Z ` sq
` 2m2ψ0sp5m6Z ` 3m4Zs` 11m2Zs2 ´ 3s3q ´ s2p7m6Z ´ 23m4Zs` 5m2Zs2 ` 3s3qq
`m6ψ0pm2Z ´ sq2pm2Z ` sq `m4ψ0sp´5m6Z ´ 11m4Zs´ 19m2Zs2 ` 3s3q
`m2ψ0s2p7m6Z ´ 7m4Zs` 21m2Zs2 ` 3s3q ` s3p´3m6Z ` 3m4Zs` 7m2Zs2 ` s3q
)
´ 2pu´m2ψ0q
!
p2sc2θpm2Z ´ sq2 ` 3p?sm
2
Zcθpm2φ ´m2ψ0qpm2Z ´ sq
` 1
4s
pp5m2Z ´ sqpm2Z ` sqpm4φ ´ 2m2φm2ψ0 `m4ψ0q ` 2m2φsp2m4Z ´m2Zs` s2q
´ 2m2ψ0sp´2m4Z ` 3m2Zs` s2q ´ s2pm2Z ` sq2q
)ı
. (A2)
In the above, p is the 3-momentum of φ in the CM frame. With the substitution mψ` Ñ mψ0 ,mZ Ñ mW and
Γψ0 Ñ Γψ` , we can arrive at the analytical expressions for other channels of coannihilation.
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